Introduction
Spermatozoa motility is now of great interest in reproductive biology because of the rising rate of male infertility due to exposure to endocrine disruptors or physical stresses. 1 Eukaryotic flagella are responsible for the motile organelles that cause the migration of a mammalian sperm. The flagella motor is powered by protons, and in turn converts the proton motive force into torque sufficient to penetrate the ovum for sperms. 2 Therefore, investigating the force and torque of a sperm under physiological conditions may provide one of the most critical factors for sperm screening. However, up to now, there have only been a few experimental studies reported concerning how to directly measure the force generated by a mammalian sperm. In these studies, the authors measured the torques of bull and rat sperm with a force-calibrated glass microprobe, as described in Schmitz et al.'s work. [3] [4] [5] The torque was determined by the average lever-arm length of the sperm multiplied by the measured force. It was obtained by positioning a calibrated microprobe in the beat path of sperm cells where the head of sperm was trapped to a glass microscope slide. However, the method is inconvenient and inefficient. The calibration process can be laborious and error-prone due to the manual handling operation.
Optical tweezers have also been utilized to trap sperm cells to study laser-sperm interactions and to quantify sperm motility by determining the force generation and swimming properties of sperms. 6, 7 The minimum amount of laser power needed to hold the sperm in the trap (or the threshold escape power) is directly proportional to the sperm's swimming force (F = Q × P/c, where F is the swimming force, P the laser power, c the speed of light in the medium, and Q the geometrically determined trapping efficiency parameter). 6 However, one of the disadvantages of optical tweezers under these conditions is the potential for laser damage to active sperm cells. 8 Thus, controlling the desired amount of laser power to trap a sperm will be a critical factor for the measurement accuracy.
The atomic force microscope (AFM) is not only well known for its nanometer resolution imaging capabilities, but it is also a powerful and flexible tool for sensitive force measurements at piconewton resolution. There have been few studies using AFM for exploring the structural and topological features of sperm, which provide additional valuable information regarding morphological and pathological defects in sperm cells than light microscopy. [9] [10] [11] [12] [13] [14] [15] Allen et al. applied AFM to measure the vertical force generated by adhering the head of a sperm to the bottom side of the cantilever. 16 However, so far no AFM investigation has yet been reported on determining the lashing force in the lateral direction generated by a mammalian sperm's tail in situ, due to the difficulties involved to capture an individual swimming spermatozoon.
White blood cells, also known as leukocytes, can be easily found in mammals at any given time. At a low level of seminal leukocytes (0 -1 × 10 -6 /mL), they are still widespread, and can Eukaryotic flagella are responsible for the motile organelles that cause the migration of mammalian sperms. The lashing force and torque of the sperm flagellum contain critical information regarding the sperm health, as important evaluation factors for sperm screening. The objective of the study was to investigate the lashing force and torque of a sperm under physiological conditions using atomic force microscopy (AFM). At a distance of about 18.5 μm from its head-tail junction, a lashing force of 0.96 ± 0.20 nN was measured. Its corresponding lashing torque was 1.77(± 0.37)× 10 -14 N·m. The torque increases in proportion to the square of the head-tail junction distance. Our results reasonably conclude that the axonemal motility is linear dependent on the flagellum length of the sperm. Our developed measurement system can consistently determine the lashing force and torque of a sperm, which can contribute to further studies concerning the mechanism of sperm transport and fertilization. Original Papers even be found in the absence of infection. The concentration of white blood cells may affect the semen quality. 17 In addition, we found that a sperm with a white blood cell on its head can be trapped on a silicon chip treated with O2 plasma, which can increase the surface hydrophilicity. Our result corresponds to a former report about cell adherence to a hydrophilic surface. 18 The immobilization of a sperm on a silicon chip enables us to measure the lashing force and the torque of the sperm through AFM in real time.
Therefore, in this study, we utilized an integrated optical microscope to search a sperm with white blood cells on its head trapped on a silicon chip, and further used AFM to consistently measure the force generated by the flagellum of a mouse sperm in a non-invasive way. This approach can provide both qualitative and quantitative data about sperm motility. The proposed measurement system can also contribute to further studies in concerning the mechanisms of sperm transport and fertilization.
Experimental

Preparation of mouse sperm
An 8-week old male Imprinting Control Region (ICR) mouse was sacrificed by cervical dislocation. The cauda epididymides and vasa deferentia from 2 sides of the mouse were immediately dissected, placed in 250 mL of human tubal fluid (HTF) medium. 19 Each cauda epididymis was then cut into 5 -7 pieces with ophthalmology scissors to allow motile sperms to swim out. We placed the sperm suspension on ice for 30 min for capacitation, and assessed the sperm concentration by using a hemocytometer. Before performing the experiment, an oxygen plasma treatment was carried out to render the silicon chip's surface hydrophilic. To assess motility, we added 10 μL of diluted sperms to the silicon chip for further AFM force measurements. The AFM force measurement of the sperm needs to be finished within 1.5 h, because we observed that the activity and motility of a sperm decreased in vitro over time periods.
Modified AFM cantilever tip
In order to increase the force sensitivity, a commercial cantilever tip (CSC38B, MikroMasch) was trimmed by a dual beam focused ion beam system (NOVA-600, FEI). 20 Figure 1 shows the cantilever before and after modification. For a quantitative force measurement, the flexural spring constant and the lateral spring constant of the cantilever are needed to be calibrated. In our investigation, the spring constants of modified cantilevers were derived by thermal fluctuation measurements in a commercial AFM (MultiMode, Bruker). 21, 22 In this method, the flexural and the lateral sensitivities of the position sensitive detector (PSD) must be calibrated first. The flexural sensitivity is related to the voltage signal of the PSD in a vertical direction and the cantilever flexural deflection. It can be obtained from the force curve slope on a stiff sapphire substrate. On the other hand, the lateral sensitivity is related to the lateral voltage signal and the lateral movement of the AFM tip. To measure the lateral sensitivity, contact mode scanning was applied on the sapphire substrate. A friction loop on the lateral signal was observed, and the slope of the stick motion region showed lateral sensitivity. Then, the cantilever tip was withdrawn from the substrate.
The thermal fluctuation spectrums of the flexural and the lateral signals were measured, respectively, and the built-in curve fitting and calculation functions in the software were utilized for spring-constant calculation. The average flexural and lateral spring constants of six modified cantilevers are 0.027 and 0.326 N/m, respectively.
Force measurement of sperm
In the experiment, a commercial AFM (Innova, Bruker) was utilized to measure the lashing force of the sperm tail. Firstly, the target sperm was observed through an optical microscope on the AFM. Next, the AFM tip was immersed in a buffer, and then approached to the surface of the silicon chip by stepping motors. The process was operated in the contact mode AFM, where the normal force on the surface was kept by feedback control on the Z-axis. When the cantilever tip stayed on the surface, the target sperm was brought close to the cantilever tip through a closed-loop scanner. The sperm tail collided with the cantilever tip repeatedly. The lateral signal of the cantilever was recorded by a DAQ card (PCI-9820, ADLINK) with a sampling rate of 100 kHz. The target sperm was trapped toward to the longitudinal axis of the cantilever. Consequently, the lashing force of the sperm tail could be determined from the lateral signal. It usually takes about 10 -20 min to measure a sperm in this work. For each fresh sperm sample, a maximum of nine sperms can be measured within 1.5 h. The shown data were acquired by measuring nine randomly chosen sperms from a mouse. According to the different physiological functions, our acquired data for different mice show a larger deviation than that of a mouse.
Analysis of force measurement and torque calculation
The lateral force, Fl, applied on the cantilever tip can be measured by the cantilever lateral signal, and the quantitative force is calculated through Hooke's law,
where ΔVl = Vl -Vl,avg, Vl is the monitoring lateral signal and Vl,avg the average lateral signal, which represents the voltage offset without an applied force; Sl the lateral sensitivity, and kl the lateral spring constant. The lashing force, Flash, is then obtained by averaging the peak heights of the lateral signals.
The magnitude of lashing torque (moment) (Tlash) is calculated by the average lever arm length (Δd) multiplied by the measured lashing force (Flash). The lever arm length is the distance between the tip position of the cantilever and the sperm headtail junction, as shown in Fig. 2 , which is evaluated using the image of the optical microscope.
The normal force (Fn) of the cantilever can be calculated according to
where ΔVn = Vn,sp -Vn,free, Vn,sp is the setting flexural signal, which is maintained during measurements, Vn,free the flexural signal without contacting the sample, Sn the flexural sensitivity, and kn the flexural spring constant.
Results and Discussion
As we positioned the AFM tip near to the middle of the flagellum for each trapped sperm, the flagellum pushed periodically against the tip. The tip was kept contact with the surface with a normal force Fn of ~0.76 nN. Figure 2 shows a three-dimensional schematic view of the AFM motility measurement of a mouse sperm. As a mouse sperm cell is immobilized on a silicon substrate, the AFM probe will approach it, and measure the force and torque along the flagellum. Figure 3 shows a lateral signal, ΔVl, in voltage vs. time measurement. The lashing force of the sperm generated appears as peaks. The average height of the peaks characterizes the force of the sperm's flagellum. We obtained an average lashing force, Flash, of 0.96 ± 0.20 nN at the average lever arm length, Δd ~18.5 μm. Note that an individual mouse sperm in this experiment had an ~40 μm long flagellum. The force that we have measured was more consistent compared to previous studies, as listed in Table 1 . The active lashing torque, Tlash, was estimated to be 1.77(± 0.37)× 10 -14 N·m, for the average lever arm length of ~18.5 μm. The frequency of the beats was 4 -7 beats/s, depending on different sperms. These measurements were made at a single point of each sperm cell that presented the greatest lashing force. Fig. 2 Three-dimensional schematic of AFM motility measurement of mouse sperm. As the mouse sperm is trapped by a white blood cell adhered to the silicon chip, the AFM-probe can be actuated along the flagellum to detect its lashing force. Furthermore, the lever arm length can be controlled by the closed-loop scanner. The variations of the lashing forces at multiple points along a single sperm's flagellum were measured. Figure 4 shows optical images of different tip-sperm positions. The AFM tip was precisely positioned in the path of the beating flagellum very close to the head-tail junction as point 1 as a starting point of measuring the force. The lever arm length at point 1 was normalized as 0.5 μm. Figure 5 shows the lashing force, Flash, vs. the lever arm length, Δd, as the propulsive force generated at each point of a beating flagellum; we observed that the measured force increased linearly. Figure 6 shows the lashing torque, Tlash, generated by the beating flagellum vs. the lever arm length, Δd. The result suggests that the torque increased squarely along the flagellum, which allows repetitive bending of the axoneme. The beating is powered by the activity of the microtubule-based dynein motor protein. The dynein motor proteins are attached to the outer microtubule doublets, and then they make use of adenosine triphosphate (ATP) hydrolysis to produce active sliding of adjacent microtubule doublets, generating the lashing force and the torque at each point along the flagellum. 23 We found that there was a general trend toward greater force and torque as the length of flagellum increased, until the middle-point of the sperm tail, according to our measurements.
The swimming capacity caused by torque from the flagellum will certainly have some effects on the motility, and is further related to the health of the sperm. Hence, these force and torque data contain important information at each instant of the flagella motion, provided we understand the mechanisms of sperm cell motility and the fertilizing potential. To the best of our knowledge, a direct measurement of the lashing force and the torque generated from a trapped mammalian sperm using integrating the AFM and optical microscope system is presented here for the first time. Previous studies measuring sperm propulsive force provided statistical values for the force, for example, the stall force induced by a micro-glass probe [3] [4] [5] and the escape force from an optical tweezers. 6, 7 The rapid movement of a sperm cell causes difficulty for force measurements. Table 1 lists the previous results reported for the force and torque generated by the beating flagellum. Each technique has its own specific advantages and disadvantages for the force measurement of a sperm. Although optical tweezers are able to confine a sperm cell, it is known that they have the potential to cause laser damage to active biological samples, which is one of their major disadvantages. 8 To maintain a minimum laser power to prevent damage to a sperm cell, Konig et al. reported that the force throughput was relatively low compared to that of other techniques. 6 This might also cause an inaccuracy of the force measurement of the sperm.
Allen et al. 14 previously applied AFM to measure the vertical force generated by adhering the head of a sperm to the bottom side of the cantilever; however, it is very difficult to explain how the propulsive force can be related to a sperm's tail. Our method measures the lashing force in the lateral direction directly generated from the flagellum of a sperm, which is closer to the real force exerted from a sperm cell as it swims through an aqueous buffer.
Schmitz et al. [3] [4] [5] reported a technique using glass needles to measure the force and the torque from the tail of a bull sperm and a rat sperm. The manual handling operation might cause the result to be less sensitive and precise. However, the method is more accurate than other techniques for measuring the lashing force produced from the flagellum of a sperm. Thus, we adapted the idea of using an AFM tip instead of a glass needle. Again, due to the higher force resolution and positioning precision of our modified AFM motility measurement system, the measured force and torque values might be closer to the real force and torque values by using glass needles.
With the modified system of AFM integrating with an optical microscope presented here, we are able to measure more consistently the force applied by a beating flagellum of a sperm. We obtained a comparable force value of 0.96 ± 0.20 nN and a torque of 1.77(± 0.37)× 10 -14 N·m at ~18.5 μm of the average contact point from the head-tail junction, for an individual mouse sperm with ~40 μm flagellum. In addition, we used AFM to measure the torque generated at 7 points for every 3 μm along the flagellum. We observed a linear increase of force along the sperm flagellum. Previously studies reported that dynein arms on peripheral doublet microtubules generated forces of longitudinal sliding in a base-to-tip direction during ATP hydrolysis. The sliding activity regulated in a space-and time-dependent manner is then converted into bending motion of the axonemal shaft. 24 Our results presented here may shed some light on these previous studies where we demonstrated that the torque generated from the axonemal bending movement increases squarely with the length of the sperm flagellum.
In conclusion, our method offers advantages to consistently measure the force and torque produced by trapped sperms in order to provide quantitative data analysis of sperm motility over qualitative observation of optical microscopy. We expect that investigating the lashing force and torque of a sperm under physiological conditions may help us to understand the mechanism of sperm motility, and may provide a novel way for sperm screening. Furthermore, in order to increase the capturing efficiency and their revival of rapid moving sperms without any damage, we further propose to develop a novel concept of a micro-fluidic device using liquid pressure to drive and trap sperms for AFM motility measurements. This would open a possibility to enhance the success rate of in vitro fertilization (IVF) for practical clinical applications.
